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(57) ABSTRACT

The 1invention relates to an 1nternal platform hybridized with
a GPS receiwver. The hybridization i1s achieved through a
Kalman filter through which a new hybrid position D-HYB
1s estimated on the basis of a noted deviation between
pseudo-distance measure by the receiver between the
receiver and the various satellites and corresponding dis-
tances computed by the inertial platform between the plat-
form and the same satellites. In this filtering, the distance
immcrement from one measurement instant to the next instant,
between the pseudo-distance previously measured by the
receiver on a satellite axis of a deviation and the new
pseudo-distance measured by the receiver on a satellite axis
of a deviation and the new pseudo-distance measured by the
receiver on this axis, 1s the phase variation AD=P(t)-DI
(t—-1) of a digital oscillator between the two measurement
instants, this variation being referred to distance along the
satellite axis. The oscillator 1s that which makes 1t possible
to slave the local carrier frequency 1n the receiver to the
carrier frequency received from the satellite. Application to
the measurement of position.

4 Claims, 4 Drawing Sheets
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HYBRID INERTIAL NAVIGATION SYSTEM
WITH IMPROVED INTEGRITY

CROSS-REFERENCE TO RELATED
APPLICATTONS

The present Application 1s based on International Appli-

cation No. PCT/FR02/03258, filed on Sep. 24, 2002, which
in turn corresponds to FR 01/12546 filed on Sep. 28, 2001,
and priority 1s hereby claimed under 35 USC §119 based on
these applications. Each of these applications are hereby
incorporated by reference 1n their entirety into the present
application.

FIELD OF THE INVENTION

The 1nvention relates to instruments for aiding navigation
and piloting, and 1n particular to those which are intended
for aerial navigation im which the constraints regarding
accuracy 1n position and speed are high and 1in which the
integrity of the information given by the position and speed
measuring 1nstruments must be ascertained at every
moment.

The use of 1nertial navigation platforms in aircraft is very
conventional today. These platforms use accelerometers to
determine accelerations along axes defined with respect to
the aircraft, gyrometers to determine angular speeds of
rotation with respect to axes likewise defined with respect to
the aircraft, and possibly other sensors such as a baro-
altimeter. By integrating the gyrometric measurements, one
determines the orientation of the aircraft at a gizven moment;
by integrating the accelerometric measurements, which may
be referred to a terrestrial reference frame outside the aircraft
by virtue of the knowledge of the orientation of the aircraft,
one determines the aircraft’s velocity components 1n this
terrestrial reference frame. By integrating the velocities, one
determines geographical positions.

BACKGROUND OF THE INVENTION

Measurement sensors are however imperfect and exhibit
Intrinsic errors or measurement bias, which may moreover
vary during navigation. Furthermore, they are subject to
measurement noise, 1n the sense that random variations not
corresponding to the variations in the measured quantity get
superimposed on the useful signal, representing the physical
quantity sought. The electrical measurement signals are
furthermore processed by electronic circuits which them-
selves 1ntroduce noise.

The bias and measurement noise are all the more detri-
mental since the position computations made on the basis of
the measurement results from the sensors mvolve integra-
tions. The integration gives rise to a drift in the measured
value, which drift increases progressively over time when
the mtegrated value 1s biased at the start. Double 1ntegration
(integral of acceleration to give the speed followed by
integral of speed to give the position) further increases this
drift in considerable proportions.

To summarize, mertial platforms are very accurate over a
very short duration but are subject, owing to the systematic
time 1ntegration of the biases, to a sizeable drift which
makes it necessary to reset them periodically on the basis of
other position information (or speed information).

A mode of resetting that has long been used has consisted
in using a network of ground beacons to provide aircraft
overflying them with position signals making it possible to
reset their navigation instruments.
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More recently, mertial platforms have begun to be reset on
the basis of satellite based positioning receivers carried
onboard aircrait and deriving position and speed informa-
tion, 1n a terrestrial reference frame, from signals that they
receive from the satellites.

Hybrid platforms are thus produced that profit both from
the excellent very short term measurement quality of inertial
platforms (measurement hardly affected by noise) and from
the high geographic position accuracy offered by satellite
based positioning systems.

However, the position measurements made by satellite
based positioning receivers are intrinsically greatly affected
by noise 1n the short term, so that their measurements would
have to be averaged 1n order to determine an accurate
position; however, 1n a mobile vehicle, and especially an
airplane moving rapidly, it 1s not possible to wait to average
the measurements 1n order to obtain an accurate position
since the airplane will have moved between two measure-
ments.

Other problems may arise, such as changes of constella-
tion of satellites observed by the receivers, that give rise to
abrupt jumps in measured position, or faults with satellites
that emit erroncous signals, or even faults with the inertial
platform.

SUMMARY OF THE INVENTION

The hybridization of the two systems, inertial system and
satellite based positioning system, to improve the quality of
the position and speed measurements, poses difficult prob-
lems.

In general, one tries to best solve these problems through
the use of filtering algorithms, generally known by the name
Kalman filterings. This 1s a digital filtering performed during
the computations that make 1t possible to determine a
position known as the “hybrid position” on the basis of the
information originating from the inertial platform and infor-
mation given by the satellite based positioning receiver.

In case of loss or of degradation of the satellite based
positioning measurements (in respect of which it should be
recalled that they may ecasily be lost because the signal
emitted by the satellites 1s extremely weak and that they may
be erroneous, for example on account of the presence of
multipaths between a satellite and the receiver), the Kalman
filtering makes 1t possible to continue to compute a hybrid
position which is of inertial type (that is to say analogous to
one that would be provided by an inertial platform entirely
on its own) but which is corrected of the platform’s drift
errors; specifically, the Kalman filter computes these errors
continuously and can make use of the errors referenced just
before the loss of the satellite signals to continue to correct
the platform after this loss up to the moment at which the
satellite signals become reavailable.

However, the accuracy and reliability of hybrid inertial
platforms corrected by satellite based positioning receivers
1s not sufficient for certain applications, such as the auto-
matic landing of aircraft. More generally, one wishes to
constantly 1improve the accuracy of the measurements of
position, of speed, of attitude, etc., of the vehicles, and it 1s
moreover often necessary not only to give a position with
accuracy, but also to ascertain the value of the accuracy
assoclated with a measurement, given that this value 1s not
fixed (it depends on a great number of parameters) and that
it may be useful for enabling decisions to be taken. For
example, 1n case of descent below a certain accuracy thresh-
old, the aircraft’s onboard computer can trigger an alarm
intended to prohibit the carrying out of a landing.
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One seeks 1n particular to be capable of giving a position
with accuracy even 1if one of the satellites exhibits a defect
such as a small clock drift. A satellite clock drift 1s a defect
which 1s particularly difficult to detect through a satellite
based positioning receiver and even through an inertial/
satellite hybrid platform; specifically, the signals emitted by
the satellite continue to exhibit all the appearances of intact
signals. However they are erroneous, and the absence of any
jump of position in the results provided periodically by the
satellite based signals receiver implies that the fault 1s very
difficult to detect. Nevertheless, it 1s necessary that the user
or the onboard computer be alerted to this type of defect.

An aim of the present invention 1s therefore to 1improve
hybrid 1nertial navigation platforms using satellite based
positioning receivers, and most particularly those which
provide not only a hybrid position but also a radius of
protection around this position, inside which radius the
integrity of the position 1s guaranteed with an error prob-
ability which 1s bounded by a defined upper value. This
concept of radius of protection will be returned to 1n greater
detail.

According to the mnvention, use 1s made of a Kalman filter
(that is to say a filter employing prediction and resetting of
estimation error, based on a model of temporal propagation
of the errors of the system to be corrected and on a
comparison with observed measurement values), whose
particular feature 1s as follows: it uses as observed measure-
ment values, to be compared periodically with predicted
values, the differences between on the one hand the pseudo-
distances measured by the receiver of satellite signals
between this receiver and the various satellites and on the
other hand the corresponding distances calculated by the
inertial platform between the platform and the same satel-
lites, the distance increment from one measurement to the
next between the pseudo-distance previously measured by
the receiver and the new pseudo-distance measured on a
satellite axis being determined by a counting of the phase
variation of the carrier frequency of the satellite signals from
the previous measurement and not by an independent
pseudo-distance measurement.

To do this, the filtering employing prediction and resetting,
of error uses, for each satellite axis, an 1nitial position of the
receiver, relative to the satellite, which 1s a position obtained
by calculation on the basis of the temporal positions of
pseudo-random codes present 1n the signals received from
the satellites and 1t stores the phase of the carrier at the
moment of this position measurement; and moreover, 1t uses,
as new position of the receiver with respect to the satellite,
during the next step of observation of the position of the
receiver, not a new position measurement, but a simple
modification of the previous position, by addition of the
phase variation, 1n terms of number of phase revolutions and
fraction of a revolution, referred to distance along the
satellite axis, of the carrier frequency of the satellite signal.
Stated otherwise, the Kalman filters that could be pro-
posed 1n the past, for mertial hybrid platforms reset by
satellite positioning, generally use as observed position
measurement, for resetting the inertial errors propagation
model, a position variation 1 geographical axes, or a
variation of pseudo-distances along the satellite axes, the
variation of pseudo-distance resulting from the variations of
temporal position of the local pseudo-random code of a
channel of the positioning receiver. Here, the position incre-
ment between two resettings does not result from this
variation of temporal position of the pseudo-random code, 1t
results from the variation of phase of the carrier on each
satellite/receiver axis.

10

15

20

25

30

35

40

45

50

55

60

65

4

It 1s recalled that a conventional satellite based position-
ing receiver comprises a feedback control of a local pseudo-
random code for each channel corresponding to a satellite,
and a feedback control of the phase of the carrier frequency
of the satellite signal. This second feedback control, coupled
with the first, serves 1n particular to take into account the
Doppler effect induced by the relative speed of the receiver
with respect to a satellite along the axis connecting the
receiver to the satellite. The code feedback control uses a
first digitally controlled oscillator to establish and synchro-
nize the local code which allows the pseudo-distance deter-
mination, while the carrier feedback control uses a second
digitally controlled oscillator which makes it possible to
establish a local phase variation slaved to the phase of the
carrier. These oscillators deliver a numerical phase value
that increases by increments controlled by a computer which
oversees the digital feedback control circuits. According to
the 1nvention, to observe the variations 1n distance between
the receiver and a satellite with the aim of resetting an
inertial platform through a satellite based positioning
receiver, use 1s made of the digital output of the second
digitally controlled oscillator and the variation in phase
observed on the second oscillator, and referred to a distance
of propagation of the satellite signal (whose frequency is
known), is added to the distance previously calculated by the
reCEIVET.

Consequently, the 1nvention proposes a navigation system
comprising an inertial navigation platform hybridized with
at least one satellite based positioning receiver, the 1nertial
platform providing position information resulting at least in
part from accelerometric and gyrometric measurements, and
the receiver providing pseudo-distances representing the

distance between the receiver and satellites, the receiver
comprising, for each channel of the receiver, a digitally
phase controlled oscillator slaved to the phase of a carrier of
a satellite signal corresponding to this channel, and the
navigation system providing hybrid position values resulting
from a combination of numerical position data originating
from the platform and numerical data originating from the
recelver, the system comprising a means of estimating a new
hybrid position on the basis of a noted deviation between on
the one hand pseudo-distances measured by the receiver
between the receiver and the various satellites and on the
other hand corresponding distances computed by the inertial
platform between the platform and the same satellites, this
means comprising a digital filter, of Kalman filter type,
allowing the prediction of a deviation and the matching of
the filter as a function of the comparison between the noted
deviations and predicted deviations, characterized 1n that, 1n
the digital filter, the distance 1increment from one measure-
ment instant to the next istant, between the pseudo-distance
previously measured by the receiver on a satellite axis with
a view to the noting of a deviation and the new pseudo-
distance measured by the receiver on this axis, 1s the phase
variation of the digital oscillator between the two measure-
ment instants, this variation being referred to distance along
the satellite axis.

The resetting of the 1nertial platform 1s therefore done by
regularly observing the alterations in the phase of the carrier
on each channel of the receiver, these alterations having the
characteristic of hardly being affected by noise, and this will
make 1t possible not only to obtain an accurate hybrid
position but also to obtain an effective measurement of the
accuracy of determination of the hybrid position, 1n the form
of a calculation of a protection radius. The calculation of the
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protection radius 1s done according to the invention on the
basis of the same Kalman filter, incremented 1n the manner
indicated above.

The 1nitial setting of the hybrid system 1s done in principle
by giving the hybrid position an initial value which 1s a
position calculated by the satellite based positioning receiver
on the basis of the temporal position of the pseudo-random
codes present 1n the signals from the various satellites.

A direct resetting (reinitialization of the inertial platform)
by a new determination of a satellite position may be done
when the actual radius of protection of the satellite based
positioning receiver (which provides pseudo-distances with
a certain protection radius depending in particular on the
configuration of the currently observed constellation of
satellites) becomes smaller than the radius of protection of
the hybrid platform. This 1s why it 1s particularly advanta-
geous to calculate both an actual radius of protection of the
measurements provided by the receiver and a radius of
protection of the measurements provided by the hybridized
platform.

BRIEF DESCRIPTION OF THE DRAWINGS

Other characteristics and advantages of the invention will
become apparent on reading the detailed description which
follows and which 1s given with reference to the appended
drawings in which:

FIG. 1 diagrammatically represents the principle of a
hybrid 1nertial platform according to the mvention;

FIG. 2 represents a flowchart of the operation of the
Kalman filter;

FIG. 3 represents the general structure of a satellite based
positioning receiver, comprising a digitally controlled oscil-
lator whose output represents the phase of the carrier of the
satellite signal;

FIG. 4 represents the general architecture of the calcula-
tions of radu of protection.

DETAILED DESCRIPTION OF THE
INVENTION

The hybridized inertial platform comprises an inertial
platform proper C__INERT, a satellite based positioning,
receiver, that will be referred to subsequently as the GPS
receiver with reference to the most common positioning
system known as “Global Positioning System”, and a
hybridization electronic computer CALC_HYB.

The 1nertial platform C__INERT 1s usually composed of

several accelerometers, typically three, with fixed orien-
tations with respect to the aircraft, providing values of
acceleration along these axes;

several gyrometers, typically three, each having a fixed
ax1s with respect to the airplane and providing values of
speed of angular rotation about these axes,

a computer which determines digital data relating to
geographical position (Lat, Lon, Alt), geographical
speed (Vn, Ve, Vv), heading roll and pitch attitudes (¢,
0, 1), etc., on the basis of the indications provided by
the accelerometers and gyrometers; the computer also
provides a temporal marking pulse defining the mstant
at which these data are valid.

All these data, referred to hereinafter as raw inertial data
D-INERT, are provided by the inertial platform to the
hybridization computer.

Possibly, other sensors may be associated with the plat-
form so as to refine the computations, such as a barometric
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altimeter (ALT-BARO). The computer of the inertial plat-
form then uses the information from this or these additional
sensors at the same time as the mformation from the
gyrometers and accelerometers.

The GPS receiver conventionally provides a geographical
position in terms of longitude, latitude and altitude, also
referred to as the resolved position, also including a position
measurement time. The receiver in principle also provides
speeds of displacement with respect to the earth. The set
consisting of this position, this time and this speed 1is
referred to as the PVT point. A temporal marking pulse
defining the instant of validity of the PVT point 1s also
provided.

For 1ts operation, the GPS recelver uses a measurement of
distances between the receiver and each satellite 1n sight of
the receiver. These distances are 1n reality pseudo-distances
PD; (1 designating a satellite number) obtained in the form
of durations of signal propagation between the satellite of
rank 1 and the receiver along the axis (satellite axis) joining,
the satellite and the recerver. It 1s the combination of the
pseudo-distances on several satellite axes together with the
knowledge of the positions of the satellites at a given
moment (which knowledge is sent in the form of ephemeri-
des by the satellites themselves) that makes it possible to
compute the PVT resolved position.

The pseudo-distances PD. are therefore available i the
GPS receiver and they will be used for the hybridization
between the 1nertial platform and the GPS receiver. The
resolved position information could naturally be used to
carry out the hybridization by comparing the GPS resolved
position with the position computed by integration in the
mertial platform, but, as will be seen later, the use of
pseudo-distances makes 1t possible to carry out the hybrid-
1zation while taking account of possible faults or defects
present 1n the signal emanating from a satellite.

The GPS receiver establishes other data too, and 1n
particular the ephemerides representing the position of the
satellites at any instant, a signal/noise ratio (S/N), for each
satellite, and one or more values of protection radius Rp1 (in
terms of horizontal distance), Rp2 (in terms of vertical
distance) which represent a measurement accuracy and to
which we shall return later.

The GPS receiver provides the hybridization computer
CALC_HYB with all these data, referred to hereinafter as
D GPS (GPS data).

The raw 1nertial data D__INERT and the GPS data are
processed 1n the hybridization computer so as to provide
hybrid inertial data D__ HYB which are a hybrid attitude, a
hybrid speed and a hybrid position. The hybridization com-
puter also provides one or more values of protection radius
RPH representing the accuracy of the data emanating from
the hybridization. Finally, the computer can provide data for
identifying an errant satellite and naturally may provide
alarm signals when the computation of the radi1 of protec-
tion demonstrates mnsuificient reliability of the mnformation
provided.

For the implementation of the invention, the GPS receiver
also provides the hybridization computer with an indication,
for each satellite observed, of the phase ®; of the carrier of
the satellite signal of rank 1 at the instant of observation.

The hybridization 1s achieved through Kalman filtering
algorithms so as to obtain at one and the same time the
qualities of stability and of absence of short-term noise of
the 1nertial platform and the very high accuracy of the GPS
receiver, although greatly affected by short-term noise. The
Kalman filtering makes it possible to take account of the
intrinsic errors of behavior of the inertial platform
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C_INERT, and to correct these errors. The measurement
error of the mertial platform 1s determined during filtering;
it 1s added to the measurement provided by the platform so
as to give a hybrid measurement 1n which the errors due to
the behavior of the platform are minimized.

Moreover, the 1implementation of a filtering algorithm,
using the pseudo-distances emanating from the GPS receiver
and the phases of the carrier of the satellite signals, 1s such
that 1t 1s possible to determine the errant satellites, exclude
them, and compute the radiu of protection of the hybrid
position both 1n the absence of satellite defect and in the
presence of a defect.

The hybridization computer 1s therefore designed both to
correct the errors inherent in the 1nertial platform and to take
account of the defects of the spatial segment of the reception
of the satellite signals.

It 15 also possible to envisage additional means for detect-
ing (but not necessarily correcting) hardware defects of the
inertial platform (unmodeled defects, that 1s to say faults)
and hardware defects of the GPS receiver. These means
consist 1n practice in envisaging redundant chains, with
another 1nertial platform, another GPS receiver and another
hybridization computer. This type of redundancy does not
form the subject of the present invention and will not be
described, but the invention may be mcorporated 1n redun-
dant systems as 1n nonredundant systems.

The hybridization 1s done 1n open loop, that 1s to say the
inertial platform 1s not slaved to the data resulting from the
hybridization.

In a general manner, 1t 1s necessary to introduce initial
values 1nto the mertial platform and into the hybridization
computer. These 1nitial values are given the first time with
reference to an absolute reference frame: for example on
departure of an airplane on the ground, motionless, 1n a
known attitude and at a known position, this attitude and this
position are introduced as initial values into the filter.
Subsequently, during flight, the measurements provided by
the 1nertial platform will be reinitialized from time to time
as a function of the measurements provided by the GPS
recelver.

The manner 1n which the Kalman filtering 1s implemented
in order to combine information emanating from the inertial
platform and information from the GPS receiver will now be
described.

FIG. 2 represents a flowchart of the operation of this
filtering (which is an algorithmic filtering implemented on
digital data). The filtering which is described assumes that
there are N satellites observed by the GPS receiver. As will
be seen later, there will in fact be N+1 different Kalman
filterings: on the one hand a main filtering, based on the
measurements emanating from the N satellites, and leading
to the correction of the measurements of the inertial plat-
form, and N secondary filterings, each based on the recep-
tion of N-1 satellites only. Each secondary filtering corre-
sponds to the exclusion of one and only one satellite, and the
comparison of the results of the N secondary filterings and
of the main filtering allows one to possibly reach the
conclusion that a satellite 1s defective and even to the
decision to exclude this satellite for the measurements which
follow. The main filtering and the N secondary filterings are
defined by N+1 computation programs operating either in
parallel with N+1 processors, or under time sharing with a
single processor or a reduced number of processors.

Given that the secondary filterings operate on the same
principles as the main filtering, the only difference pertain-
ing to the number of satellites observed, 1t 1s sufficient to
describe the operation of the main filtering.
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The principle of Kalman filtering 1s recalled:

The various causes of drift or of errors of the inertial
platform C__INERT are known and may be modeled. The
Kalman filtering consists 1n establishing, on the basis of this
knowledge of the behavior of the platform 1n the presence of
various causes of error, a state vector X representing the
errors estimated i1n the various information components
emanating from the inertial platform, and a matrix F repre-
senting the coeflicients of propagation of these errors over
time.

The error propagation model 1s expressed 1n the form of
a law of propagation of the inertial errors, of the form
X'=F.X where X' 1s the time derivative of the vector X. The
error 1n a data item depends on the errors 1n the other data
items, hence the matrix form of the propagation law.

The matrix F 1s a matrix of coefficients which are not
necessarily constant and which may vary for example as a
function of the output values of the hybrid inertial platform.
The filter comprises the means of computation and of
updating of the various terms of the matrix.

Moreover, the model of the behavior of the 1nertial
platform is also defined by a covariance matrix (matrix P).
The coeflicients of this matrix represent the variance of each
of the components of the state vector and the covariance of
the various pairs of components of this vector. The matrix P
represents as 1t were the degree of confidence allocated to
the updated state vector. The covariance matrix P 1itself
varies over time, the temporal propagation law for this
matrix being of the form:

P'=FPF’+Q

Where P' is the time derivative of the matrix P; F? is the
transpose of F; and Q 1s a variance matrix of a noise vector
W having a noise component for each data item of the state
vector X. This vector W 1s a white noise vector making it
possible to quantily the approximations made 1n the mod-
eling for each component of the state vector X.

Finally, for the hybridization proper, a predicted vector Yp
1s established, this being a linear combination Yp=H.Xp of
a prediction Xp of the state vector X (the coefficients of the
linear combination varying over time); and the components
of the predicted vector Yp are compared with similar com-
ponents of a vector Yo observed with the aid of the GPS
receiver and of the inertial platform. The term H 1s a matrix
representing the coeflicients of the linear combination; to
clucidate the nature of this matrix, the following thing may
be said: if the GPS receiver provides pseudo-distances
observed between the receiver and a satellite, hence along
satellite axes, and 1f one wishes to make use of these
observed pseudo-distances to reset the hybrid position, then
the Kalman filter must comprise computation means for
establishing predicted “pseudo-distances™ along the satellite
axes, before detecting a deviation between the predicted
pseudo-distances and the pseudo-distances observed along
the same axes. It 1s the role of the matrix H to convert certain
components of the state vector X (which a prior are not
distances along the receiver/satellite axes) into distances
along the receiver/satellite axes.

In the Kalman filter that will be used in practice, the
components of the state vector X are the deviations between
reality and the data provided by the inertial platform before
hybridization. Stated otherwise, it ¢, 0, 1, Lat, Lon, Alt, are
six attitude and position data items provided by the inertial
platform C__INERT (there are in practice still other data
provided by the inertial platform), the state vector X consists
of a column of components d¢, 60, o, dLat, oLat, dAlt, etc.,
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representing the deviations between the exact values and the
values actually provided by the inertial platform C__INERT.

The Kalman filter operates globally on the following
general principle: on the basis of a current value of the state
vector X and of the covariance matrix P of the state vector,
the model for the propagation of the inertial errors (matrix
F, differential equations of propagation) establishes a pre-
dicted state vector Xp; this vector 1s transformed into a
predicted observable vector Yp; the GPS receiver and the
inertial platform provide data that make 1t possible to
compute an observed vector Yo; the predicted observable
vector Yp and the observed vector Yo are compared; the
difference, multiplied by a gain matrix K computed from the
matrix P, serves to compute a new estimate Xa of the state
vector X and a new estimate of the matrix P; this estimate
Xa will be substituted for the previous value of the state
vector so as to become a new current value of the state
vector; this substitution 1s the operation of resetting the
model, performed periodically; likewise, an estimate Pa of
the matrix P will be substituted for the previous value.
Finally, with the new value of the state vector, the data
D_ INERT provided by the mertial platform are corrected to
produce corrected data or hybrid data D__ HYB at the output
of the hybridized platform. The correction at this juncture 1s
a simple addition between the raw data D__INERT provided
by the inertial platform and the state vector Xa which
represents the current estimate of the errors produced by the
inertial platform.

The values observed (vector Yo) by the hybridized inertial
platform, which are established with a view to comparison
with values Yp predicted by the Kalman filter, are then
deviations between data provided by the GPS receiver and
comparable data provided by the inertial platform. These
deviations are, as far as the position measurements are
concerned, distances along the axes connecting the platform
to the satellites.

This 1s represented by the operating flowchart of FIG. 2.
The details of the manner of operation will now be
described.

The model for the propagation of the inertial errors 1s
represented by the matrix F, the matrix P, the matrix Q, the
state vector X, and the differential equations X'=F.X and
P'=F.P.F'+Q.

The matrix F has fixed coefficients and others which
depend on the position at which the platform i1s located;
these latter coeflicients are therefore periodically updated as
a function of the hybrid data D_ HYB emanating from the
hybridized platform, that 1s to say resulting ultimately from
the computations done by the hybridization computer.

On departure, the state vector X 1s 1nitialized to zero. The
hybrid output data D__HYB are preferably imitialized to
values provided either by the GPS receiver, or by known
data (airplane motionless on the ground, of which both the
geographical position and the attitude are known).

The matrix P 1s initialized with the variances and cova-
riances known at the place where the 1nitialization 1s done,
in particular those related to the GPS receiver.

The differential equations of the model thus initialized
involve the matrix F, the matrix P and the matrix Q; they
make 1t possible to determine a predicted vector Xp from the
current vector X, and a predicted covariance matrix Pp from
the current matrix P.

Of interest chielly in what follows are the position com-
ponents of the state vector, and hence only these components
will be mentioned, given that the position i1s the most
important element which justifies the hybridization between
the inertial platform and the GPS receiver. Naturally, the
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reasoning 1s the same for the velocity components, and for
other components of the state vector.

On the basis of the predicted vector Xp, converted 1nto
satellite axes by the matrix H, a predicted observable vector
Yp=H.Xp 1s computed. The matrix H 1s computed on the one
hand from the ephemerides of the satellites, making 1t
possible to determine the position of the satellites at a given
instant, and on the other hand from the inertial position
orven by the inertial platform C__INERT. The predicted
vector Yp corresponds to predicted errors, referred to satel-
lite axes.

The predicted errors Yp are compared with the errors
actually observed Yo. The errors observed comprise position
components Yo, on each satellite axis; these components
consist of a difference between the receiver-satellite distance
PD. as measured by the GPS receiver and the inertial
platform/satellite distance PC; computed from the inertial
position given by the platform C__INERT and the ephemerti-
des detected by the GPS recever.

Yo,=PC,=PD,

The difference, at each resetting operation, between the
predicted vector Yp and the observed vector Yo, 1s the vector
quantity serving for the reset. This difference 1s called the
innovations vector:

INNOV=Yo-Yp=Yo-HXp

It represents the fact that the prediction 1s not perfect since
Yp was predicted and Yo i1s observed, and that the state
vector Xp and the predicted matrix Pp must be modified so
as to get closer to a state vector X and a matrix P which
properly model the actual behavior of the imertial platform.

The innovations (components of the vector INNOV) are
not applied 1n an abrupt manner to the predicted state vector
Xp to construct a new current vector X. On the contrary,
only a fraction of the innovations (fraction less than 1) is
applied to the predicted vector to construct an updated
vector, and 1t 1s only gradually, progressively with the
ogradual resets, that the predicted vector will get closer to the
observed vector Yo.

A gain matrix K 1s therefore calculated so as to determine,
for each component of the state vector, a respective gain less
than 1, representing the fraction of innovation that will be
added to the predicted component to define an updated
component of the state vector.

The equation for updating the state vector from X to Xa
1s then:

Xa=Xp+K.(Yo-Yp)

The matrix K 1s calculated by taking account of the matrix
H, so as to reconvert into the reference frame of the state
vector X the mnovations Yo-Yp which are 1n satellite axes.
Furthermore, the gain matrix 1s computed from the predicted
variance matrix Pp, the gain allocated to the innovations so
as to converge to the best possible hybrid solution being
dependent on the confidence that one has 1n the exactness of
the state vector.

The computation of the matrix K 1s done through the
equation:

K=PH'[HPH +R] ™

R 1s a matrix of noise components representing the
inherent noise of the GPS receiver when this noise can be
measured by the GPS receiver. For this purpose, a signal/
noise ratio (S/N); data item is preferably provided by the
GPS recerver for each satellite. The noise 1s easily measured
by a correlator not aligned with the pseudo-random code
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which modulates the satellite signal, this correlator receiving,
the satellite signals and other signals present in the same
frequency band, the whole representing the noise.

The computation of the gain matrix K 1s redone at each
resetting operation, the gains in the mmnovations along the
axes of the state vector varying over time not only due to
changes 1n the covariance matrix, but also due to changes in
the orientation of the satellite axes.

The updated state vector Xa will replace the previous state
vector X upstream of the model for the propagation of the
inertial errors, for the computation of a new error prediction
and so on and so forth.

In parallel with the computation of an updated state
vector, an updated covariance matrix Pa 1s computed from
the predicted covariance matrix Pp. The computation of the
updated matrix Pa results from the formula:

Pa=Pp-K.H Pp

The updated matrix Pa will replace the covariance matrix
P at the 1nput of the 1nertial error propagation model, with a
view to a new prediction and a new resetting.

It 1s on the basis of the updated state vector Xa, which 1s
a vector estimating the errors of the 1nertial platform, that the
hybrid solution 1s computed: the components of the hybrid
solution (position, attitudes, speeds, etc.) are obtained by
adding to the corresponding components provided by the
inertial platform (raw inertial data) the updated estimate Xa
of the errors due to the inertial platform:

D_HYB=D_INERT+Xa

In parallel, 1t 1s on the basis of the updated covariance
matrix Pa that 1t 1s possible to compute a radius of protection
of the hybrid measurements: the matrix Pa makes 1t possible
to compute a radius of protection of the hybrid measurement
directly on condition that there 1s no fault. This computation
of protection radius will be made explicit later.

However, as stated, if in addition to the mamn Kalman
filtering algorithm just described, one also envisages N
secondary algorithms excluding a satellite axis on each
occasion, this 1s to also allow determination of an errant
satellite, the exclusion of this errant satellite, and the deter-
mination of an associated protection radius in the presence
of a fault. These matters relating to radi of protection will
be returned to later.

For this Kalman filtering algorithm, both the main algo-
rithm and the secondary algorithmes, it 1s envisaged that the
differences Yo,=PC.-PD. be computed, these being, on each
nonexcluded satellite axis of rank 1, the difference between
the receiver/satellite distance measured by the inertial plat-
form and the same distance measured by the GPS receiver.

According to the invention, for this computation of the
observed measurement quantity Yo, the distance measured
by the GPS receiver on satellite axis 1 1s obtained, from one
reset operation to the next, by adding to the distance
previously observed a distance corresponding to the carrier
phase variation of the satellite signal between the current
reset operation and the previous reset operation.

PD,())=PD,(t-1)+hAD /27

where t is the time (counted in units corresponding to the
duration separating two successive resets, for example one
second); PD(t) represents the distance computed at the
moment of the current reset, PD (t-1) therefore represents
the distance computed upon the previous reset; A®. 1s the
carrier phase variation observed between t—1 and t; A 1s the
wavelength (known) of the carrier of the satellite signal;
NAD /21 1s the length, along the satellite axis of rank 1,
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corresponding to the distance of propagation of the satellite
signal for a phase variation A®..

Upon initialization of the system, the distance PDJ0) is
the pseudo-distance measured by the satellite based posi-
fioning receiver, but, at the same time as this distance is
computed, the value of the carrier phase ®(0) at the instant
of validity of the measurement 1s held in memory. Likewise,
at each reset step, the value of the carrier phase ®(t-1) is
kept 1n memory with a view to the next step. During
subsequent resetting steps, the phase variation 1s computed
by simple differencing between the value ®(t) of the current
carrier phase and the previous value @ (t-1).

AD=D,(t)-D;(t-1)

And 1t 1s this variation, multiplied by A/2m to reduce 1t to
a propagation distance, which 1s added to the pseudo-
distance previously computed to define the new pseudo-
distance serving for the computation of the observed quan-
ity Yo..

The phase ®(t) is obtained on the basis of the content of
a digitally controlled oscillator present in the feedback
control circuit for slaving the carrier phase of each channel
(there is one channel per satellite) of the GPS receiver.

FIG. 3 represents an exemplary structure of a digital
channel of a GPS receiver comprising such a phase feedback
control circuit. All the GPS receivers currently comprise in
cach channel such a carrier phase feedback control circuit,
and this circuit always comprises a digitally controlled
oscillator to establish a sawtooth linearly varying phase
representing at a given instant, due to the feedback control,
the phase of the carrier of the satellite signal.

The radio signal S__gps emanating from the satellites and
frequency transposed, 1s for example sampled by an analog/
digital converter ADC, which provides periodic samples, in
phase (Ibb) and in phase quadrature (Qbb). These samples
are multiplied (multipliers 12, 14, 16, 18) by a pseudo-
random code corresponding to the channel considered and
hence to the satellite considered. Two different correlations
may be performed simultaneously, one with a punctual code
P (multipliers 12, 14) and the other with an early-late code
E-L. (multipliers 16, 18). The pseudo-random codes are
produced by a local code generator 50 driven by a digitally
controlled oscillator NCO1, itself controlled by a computer
100 associated with the GPS receiver. The results of the four
multiplications are aggregated 1n respective accumulators
22, 24, 26, 28. The outputs Ip, Qp (correlation by punctual
code P) and Id, Qd (correlation by difference code E-L) of
the accumulators are multiplied (multipliers 31 to 38) by a
value cos @ and a value sin ® representing respectively the
cosine and the sine of the phase ® of the carrier. The outputs
from these multipliers make 1t possible to compute sums and
differences of products, and periodic accumulations IpA,
QpA, IdA, QdA, of these sums and products, which repre-
sent partial results of the correlation of the GPS signal with
the code and the carrier that are generated locally in the
channel. These results are provided to the associated com-
puter and serve 1n return to drive the feedback control loop
so as to align the punctual local code P with the code present
in the satellite signal, and to align the local carrier phase with
the phase of the satellite signal.

The local carrier phase 1s established by a second digitally
phase controlled oscillator NCO2, which produces a saw-
tooth varying phase ®. This phase 1s applied to a sine and
cosine generator to establish the values sin ®, cos @ from
the phase @ present at the output of the local oscillator
NCO?2. It 1s this local oscillator output, transmitted moreover
to the associated computer 100, which represents, at a
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measurement instant t, the phase ®(t) of the carrier in the
channel corresponding to the satellite of rank 1.

The computation of hybrid position and the computation
of the protection radu will therefore be done from one
measurement to the next by observing the difference
between the content of the oscillator NCO2 at the instant t
and the content at the instant t—1 and by transmitting this
difference to the Kalman filter according to what was
explained above.

Having thus described the manner of operation of the
Kalman filter 1n relation to the carrier phase variations
observed on each satellite axis in the GPS receiver, we shall

now return to the computation of the radius of protection of
the hybrid data D__ HYB. As was stated, this radius of
protection 1s a very important measurement 1n certain appli-

cations where 1t 1s essential to ascertain the accuracy with
which the data are obtained.

FIG. 4 represents a diagram for obtaining the various
protection radin computed 1n the hybrid inertial platform.

On the one hand the inherent radius of protection RPgps
of the GPS receiver 1s computed (either in the GPS receiver
itself or 1n the hybridization computer if the latter receives
all the GPS receiver’s internal data necessary for the com-
putation of the protection radius: pseudo-distances PD .
signal/noise ratios (S/N), for each satellite axis, etc.). On the
other hand, a hybnid protection radius RPHO 1s computed by
assuming that there 1s no defective satellite in the constel-
lation of N satellites, observed at a given moment. Finally,
a hybrid protection radius RPHI1, corresponding to the
presence of a defective satellite, 15 computed.

It 1s recalled that the radius of protection RP of a mea-
surement, for a predetermined probability of nondetection of
error PND), 1s an upper bound on the deviation between the
value computed and the actual value of the quantity mea-
sured, such that there 1s a probability of less than PND that
the actual value 1s more than a distance RP away from the
computed value. There 1s therefore a maximum probability
PND that the actual value 1s outside a circle of radius RP
around the value found by computation: maximum prob-
ability PND that the actual error of measurement exceeds the
stated radius of protection. This amounts again to saying that
there 1s a maximum probability PND of being wrong in the
determination of the protection radius.

In general, the maximum probability PND 1s fixed as a
function of the application. In the example of the landing of
an aircraft for example, one may desire a maximum prob-
ability PND of 10~ '/hour of being wrong in the radius of
protection on account of a foreseeable or unforeseecable
defect.

Now, the protection radius 1s related directly to the
variance of the quantity measured and to the probability of
nondetection of error PND. The variance 1s the square of the
standard deviation X related to the quantity measured. The
variance of the measured hybrid quantity is the coetficient of
the diagonal of the covariance matrix P which corresponds
to the measured quantity. If the altitude of the inertial
platform 1s the measured quantity and 1s situated in sixth
place 1n the state vector and 1n the variance matrix P, the
variance of the altitude 1s the sixth coetficient in the diagonal
of the matrix. The standard deviation X 1s the square root of
this variance. It 1s therefore deduced from the matrix P in a
Kalman filter.

The protection radius RP 1s related to the standard devia-
tion 2 and the probability of nondetection PND by the
following approximate table,
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Value of PND Value of RP
0.35/hour >
5 10~*/hour 23
10~>/hour 3z
10~ '/hour 5.7
10~°/hour 7=

Depending on the probability of nondetection fixed (and
hence depending on the application envisaged), it is there-
fore possible to determine a coefficient k such that the
protection radius RP is equal to k. The coeflicient k takes
a value lymng between 1 and 7 1n the above table.

This protection radius 1s computed from the standard
deviations of the variables considered. It applies to each
possible variable, but 1n practice one 1s interested in the
distance variables.

A protection radius computation 1s done 1nside the GPS
receiver so as to end up with an inherent radius of protection
RPgps of the PVT point provided by the receiver. It 1s even
possible to compute more speciiically a vertical radius of
protection for the altitude and a horizontal radius of protec-
tion for the position 1n terms of longitude and latitude, these
radil not necessarily having the same value and not being
used in the same way (the vertical radius of protection is a
more critical item of data). The inherent radius of protection
of the GPS 1s usetul for the 1nitialization or the reinitializa-
tion of the computation of hybridization between the inertial
platform and the GPS receiver: the initial position of the
inertial platform is assigned to be the value of the PVT point
provided by the GPS, together with i1ts inherent radius of
protection.

Another protection radius computation is done within the
hybridization computer, in the presence of errors modeled in
the Kalman filter. More precisely two computations are
done, one assuming an absence of satellite fault, and the
other assuming the presence of a satellite fault; this leads to
two hybrid radii of protection RPHO (absence of fault) and
RPHI1 (presence of fault). The overall radius of protection
will be regarded as bemg the larger of the two. It 1s not
necessary to compute a protection radius 1n the case of two
or more faulty satellites, the probability of this configuration
occurring being regarded as too small.

As far as the protection radius RPHI1 1n the presence of a
fault with a satellite 1s concerned, 1t should firstly be noted
that 1n principle one knows the maximum probability of
there being a defect of the spatial segment (defect with a
satellite). Let us assume that it is 10™*/hour: this brings down
the probability of having a defect 1n two satellites at once to
10~%/hour, which will be regarded here as negligible but
which could be taken mto account if one wanted to further
reduce the probability of nondetection of error PND to
below 10~ /hour. In what follows, a probability of nonde-
tection of 10~ "/hour will be regarded as a goal to be achieved
whatever the configuration, fault or absence of fault.

However, this information regarding probability of fault
of the spatial segment will be used to reduce the probability
of nondetection of a fault other than a satellite fault simul-
tancously with a satellite fault.

In other words, 1f a satellite fault 1s present although such
a fault occurs only with a probability of 10~*/hour, it will be
considered that a probability of nondetection of 10™>/hour of
an error other than this fault suffices in order for a prob-
ability of nondetection of 10~ "/hour to be ensured overall.
For a probability of 10™>/hour, the ratio k of the radius of
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protection to the standard deviation 1s only 3, whereas it 1s
5.7 for a probability of 10~"/hour.

In both cases, the computation of the protection radius
involves the standard deviations of the position variables
considered.

Computation of the Radius of Protection RPHO 1in the
Absence of any Satellite Fault

The variance of a measured quantity, for example the
altitude, 1s extracted from the updated covariance matrix Pa,
its square root 1s taken so as to obtain the standard deviation

> .. of the same quantity, the result 1s multiplied by the

desired ratio k=k0 (for example k0=5.7) and the hybrid
protection radius RPHO (here for altitude: RPHO ,) 1is

obtained 1n the absence of any fault other than the errors
modeled by the Kalman filter.

RPHOmh‘:kU 2 al

Without entering into the details, 1t 1s understood that 1f
one prefers an overall horizontal radius of protection rather
than a radius of protection for longitude and a radius of
protection for latitude, the variances for longitude and for
latitude must be added together to obtain an overall variance
for horizontal distance and a horizontal standard deviation.

RPHOhDr=kﬁ 'Ehﬂr

The radu of protection of quantities that are distances are
obviously expressed as distances, the radu of protection of
quantities that are speeds or angles are expressed as speeds
Or as angles.

This radius of protection 1s therefore derived directly from
the successive updates of the covariance matrix P.

Computation of the Protection Radius RPHI1 in the Presence
of a Satellite Fault

As stated, if one wants an overall probability of overall
nondetection of 10~ "/hour (k=k0=5.7), if the probability of
a satellite fault is 10~*/hour and if a case of satellite fault
occurs, then the probability of simultaneous nondetection of
an error 1n the hybridization computation process 1s consid-
ered to be 10™>/hour, corresponding to a coefficient k=k1=3.

The protection radius RPH1 which will be computed in
this case results from the addition of two factors: a factor
k1.2 related to the probability of nondetection of 10™>/hour
for an error modeled 1n the Kalman algorithms, and devia-
tions derived from the N+1 Kalman filtering algorithms.

It 1s recalled that the main filtering algorithm uses the N
satellites, and that the other N filtering algorithms exclude a
satellite of rank 1 on each occasion. These N secondary
algorithms each lead to a hybrid position and to associated
standard deviations for each variable (for example altitude
and horizontal distances).

Specifically, 1n the case when no satellite 1s defective, the
N+1 filtering algorithms provide hybrid positions that are
very close to one another and all situated inside the protec-
tion radius RPHO previously computed.

However, 1f a satellite 1s defective, the solutions provided
by the N+1 f{iltering algorithms diverge and give N+1
different error estimates (that 1s to say N+1 different state
vectors Xa). The hybridization computer computes the dis-
tances between the various solutions thus found. For
example, if one 1s interested 1n the radius of protection of the
altitude, the computer can compute the distances between
the altitude solution provided by the main filter to N+1
satellites and the altitude solution provided by each of the N
secondary filters.
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Should there be a fault with a satellite, one of the
secondary filters gives an exact solution within a radius of
k1.2, 2. bemng the standard deviation computed by this

secondary filter and associated with the solution found by
this filter.

All the other filters, including the main filter give a false
solution, but one does not know which secondary filter is the

one that gives the exact solution.

Hence, the distance d; between the altitude error (com-
ponent of the state vector X) given by the main filter and that
which 1s given by a secondary filter 1s computed, k1.2 1s
added to this distance, . being the standard deviation
corresponding to this filter. This computation 1s done for the
N secondary filters. The maximum value out of the N values
thus computed 1s taken, and this value constitutes the
protection radius RPH1 1 the event of a satellite fault.

RPH]1altitude=SUP[(d+k1.2))]

The computation 1s similar for a horizontal radius of
protection, the standard deviation considered then being the
square root of the sum of the variances in longitude and in
altitude.

Computation of the Overall Radius of Protection

Having thus computed two radii of protection RPHO and
RPHI1, 1n the absence and in the presence of a fault of the

spatial segment, the larger of the two values 1s taken to
define an overall radius of protection RPH for the hybrid
solution computed by the hybridization computer.

RPH=SUP[RPH0, RPH1]

This protection radius 1s computed as a vertical distance
on the one hand, and as a horizontal distance on the other

hand.

This hybridization between a single inertial platform and
a GPS receiver does not allow account to be taken of any
unmodeled fault with the inertial platform or with the GPS
receiver (for example a GPS fault affecting all the channels
of the receiver).

It will be readily seen by one of ordinary skill in the art
that the present invention fulfills all of the objects set forth
above. After reading the foregoing specification, one of
ordinary skill will be able to affect various changes, substi-
tutions of equivalents and various other aspects of the
invention as broadly disclosed herein. It 1s therefore
intended that the protection granted hercon be limited only
by the definition contained i the appended claims and
cequivalents thereof.

If one wants to take such faults into account, a redundancy
must be introduced, with a second inertial platform, a second
GPS recerver and a second hybridization computer. The first
hybridization chain provides a first hybrid solution which
will be considered to be the main solution, with an associ-
ated standard deviation X; the second chain provides a
hybrid solution with an associated standard deviation. If the
probability of a hardware fault 1s considered to be 10™"/hour,
then a radius of protection of 3% around each hybrid solution
1s suflicient. The distance between the two hybrid solutions
1s computed, one being right within a radius of 3% and the
other being false, the larger of the two 3X values being added
to this distance; the sum thus computed constitutes an
overall radius of protection of the main hybrid solution in the
presence of a fault with one or the other of the chains: the
exact solution lies 1nside a circle having this radius, around
the main hybrid solution, with an error probability of 107/
hour 1n this example.
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Given that the main hybrid solution itself has an associ-
ated radius of protection, 1n the absence of a fault, which 1s
5.7% for the desired overall probability of 10™’/hour, one
determines which 1s the higher radius of protection out of the
latter and the overall radius of protection 1n the presence of
a fault with one or the other of the chains. The higher of the
two values constitutes, for the hybridized platform with two
hybridization chains, the overall radius of protection around
the hybrid solution of the main chain. It 1s this overall radius
of protection that 1s provided to the user.

It will be noted that it 1s not possible to determine which
of the two chains 1s defective if there 1s no third pathway.
This 1s why the user 1s given a single hybrid solution which
1s that of the chain considered by assumption to be the main
chain (each of the two chains may be considered as the main
one if the chains are identical).

The explanations just provided show that the protection
radius thus computed varies gradually: there 1s no abrupt
jump, either 1n the case of a single hybridization chain or 1n
the case of redundancy with two chains.

The mherent radius of protection of the GPS may be used
to reset the hybrid data: when the inherent radius of protec-
tion of the GPS becomes less than the overall radius of
protection of the hybrid platform, the position data of the
GPS may be provided as output data from the hybnd
platform.

Returning now to the case of a spatial segment fault,
caused by a defective satellite, 1t 1s desirable to be able to
ascertain the 1dentity of the defective satellite, and to
exclude this satellite from the subsequent measurements. In
the case of two hybridization chains, it will be verified that
it 1s the same satellite that 1s 1dentified as being defective
before excluding it.

To perform this exclusion, 1t 1s best to consider the
innovations (INNOV) of the Kalman filters as gaussian
variables 1n the absence of any fault; the sum of the squares
of the innovations of each of the filters 1s computed peri-
odically, and 1s normalized by the associated standard devia-
tions which may vary from one filter to another. A Khi2 law
1s applied to these sums. No inconsistency should be seen to
appear. If an 1nconsistency appears, 1t appears in principle on
all the filters except the one which does not use the defective
satellite. It can thus be 1dentified, excluded from the subse-
quent computations, and the hybrid data can immediately be
reset to the data provided by the secondary Kalman filter
which does not include the defective satellite. The mcon-
sistency 15 determined on the basis of a threshold which
depends on the false alarm probability and the nondetection
probability fixed.

The mvention 1s applicable 1n the case of the use of DGPS
receivers, that 1s to say of receiver receiving, in addition to
the satellite signals, correction signals sent by local ground
stations which receive the same signals from satellites and
whose exact position 1s known. The ground station sends
corrections of pseudo-distances and 1t 1s the pseudo-dis-
tances PD . thus corrected which serve for the nitialization of
the hybridization, the Kalman filter then being fed with
carrier phase variations as has been explained.

What 1s claimed 1s:

1. A navigation system, comprising;:

an 1nertial navigation platform hybridized with at least

onc satellite based positioning receiver, the inertial
platform providing position information resulting at
least 1n part from accelerometric and gyrometric mea-
surements, and the receiver providing pseudo-distances
representing the distance between the receiver and
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satellites, the receiver comprising, for each channel of
the receiver, a digitally phase controlled oscillator
slaved to the phase of a carrier of a satellite signal
corresponding to this channel;

wherein the navigation system provides hybrid position
values resulting from a combination of numerical posi-
tion data originating from the platform and numerical
data originating from the receiver;

a means of estimating a new hybrid position on the basis
of an observed deviation between pseudo-distances
measured by the receiver between the receiver and each
one of said satellites and corresponding distances com-
puted by the inertial platform between the platform and
said each one of said satellites, this means comprising,
a digital filter, of Kalman filter type, allowing the
prediction of a deviation and the matching of the filter
as a function of the comparison between the observed
deviations and predicted deviations;

wherein 1n the digital filter, the distance increment from
one measurement 1nstant to the next instant, between a
pseudo-distance previously measured by the receiver
on a satellite axis and a new pseudo-distance measured
by the receiver on said satellite axis, 1s the phase
variation of the digital oscillator between the two
measurement instants, this variation being referred to
distance along said satellite axis.

2. The navigation system as claimed 1n claim 1, wherein
the estimating means also provides a protection radius
associated with the hybrid position found, this protection
radius being calculated on the basis of variance data pro-
duced 1n the Kalman filter thus incremented.

3. A method of estimating position using a navigation
system having an 1nertial navigation platform hybridized
with at least one satellite based positioning receiver, the
inertial platform providing position information resulting at
least 1n part from accelerometric and gyrometric measure-
ments, comprising the steps of providing pseudo-distances
representing the distance between the receiver and satellites;
the receiver comprising, for each channel of the receiver, a
digitally phase controlled oscillator slaved to the phase of a
carrier of a satellite signal corresponding to this channel;
providing hybrid position values resulting from a combina-
tion of numerical position data originating from the platform
and numerical data originating from the receiver; estimating
a new hybrid position on the basis of an observed deviation
between a pseudo-distances measured by the receiver
between the receiver and each one of said satellites and a
corresponding distances computed by the inertial platform
between the platform and said each one of said satellites,
predicting a deviation and the matching of the filter as a
function of the comparison between the observed deviations
and predicted deviations; calculating a distance increment
which 1s a phase variation of said digital oscillator between
one measurement instant and a next measurement 1nstant,
this variation being referred to distance along a satellite axis,
and adding this increment to a pseudo-distance measured by
the receiver on a satellite axis at said one measurement
instant to obtain a new pseudo-distance on said satellite axis,
and using said new pseudo-distance to compute said
observed deviation at said next measurement instant.

4. The method as claimed 1n claim 3, providing a protec-
fion radius associlated with the hybrid position found, this
protection radius being calculated on the basis of variance
data produced 1n the Kalman filter thus incremented.
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